Summary. Polyacrylamide-agarose gel electrophoresis was used to study polymorphism of lactate dehydrogenase (LDH), nucleoside phosphorylase (NSP), phosphoglucose isomerase (PGI), hydroxybutyrate dehydrogenase (HBD), adenylate kinase (ADK) and esterases of 44 strains of Streptococcus pyogenes, 25 group G streptococcal strains, 1 1 " S. equisimilis" strains, seven S. dysgalactiae strains, four S. canis strains, three S. equi strains and seven S. zooepidemicus strains. Analysis of LDH, NSP, PGI, HBD and ADK provided valuable interspecies differentiation, by showing that four groups of strains corresponded to the four known DNA homology groups. Esterases showed greater intraspecies variation than the other enzymes. The combined analysis of the six enzymes indicated 31 zymotypes among S. pyogenes, 14 in group G streptococci and 1 1 in " S. equisimilis" strains. This was shown to be an effective technique for typing pyogenic streptococci.
Introduction
Since the description of group-specific antigens by Lancefield' the classification of streptococci has mainly relied on serological grouping ; serological groups were often regarded as distinct species. Although this technique is a useful and simple tool for distinguishing pathogenic P-haemolytic streptococci, its taxonomic value is limited because it provides no information on the genetic relationships among species. Moreover, many strains of streptococci cannot be typed by this technique. Other classifications have been based on physiological and biochemical characters2 and numerical taxonomic ~tudies.~ DNA-DNA and DNA-rRNA hybridisation studies indicate that the term pyogenic streptococci should be confined to strains of serological groups A, C , G (large colony type) and L, and includes five species, Streptococcus pyogenes, S. dysgalactiae, S. canis, S. equi and S. ir~iae.~-~ According to these studies, strains designated " S. equisimilis" and streptococci of serological groups G and L belong to the species S. dysgalactiae. Strains designated S. zooepidemicus are genetically similar to S. equi and should be reclassified as S. equi subsp. zooepidemicus, thereby automatically creating S. equi subsp. equi. The findings of these studies are inconsistent with the serological classification since they bring together strains of distinct serological groups and separate strains belonging to the same group. They also conflict with the results of a numerical study that included " S. equisimilis" and S. zooepidemicus in a single p h e n~n .~ Such discrepancies emphasise the continuing confusion over the taxonomic relationships among and within these species.
In the late 1980s, there was an upsurge in the worldwide incidence of severe infections with S. pyogenes, including toxic-shock-like syndrome and acute rheumatic This emphasises the need for increased epidemiological and basic laboratory research in this field. Most epidemiological studies on group A streptococcal infections have been based on serological typing of the M protein, often combined with that of the T protein and serum opacity factor antigen.g The detection of T protein antigens is also a useful method for serotyping streptococci of groups C and G,1° but the cost and difficulty of preparing antisera mean that these techniques are restricted to a few reference laboratories. Furthermore, many S. pyogenes strains are M-non-typable, so more refined typing methods are required for further epidemiological studies. Ten biotypes of group A streptococci have been described and shown to be closely associated with serotypes.ll DNA analysis has been used for S. pyogenes typing, particularly restriction fragment length polymorphism (RFLP) analysis of total Enzyme electrophoresis is a powerful tool for differentiating bacterial species and distinguishing strains of the same species on the basis of their genetic relationship~l~-~~ and was used recently to evaluate the genetic relationships among the oral streptococci,16 to study clonal diversity of S. pyogenes causing toxicshock-like syndrome' and to describe the S. pyogenes strains responsible for recurrent pharyngiti~.~~ The present work examined the usefulness of enzyme electrophoresis for both interspecies and intraspecies differentiation of pyogenic streptococci belonging to Lancefield groups A, C and G.
Materials and methods

Bacterial strains
The 101 strains tested, designated according to Farrow and C~l l i n s ,~ were distributed as follows: 44 strains of S. pyogenes, 25 of group G streptococci, 1 1 of " S. equisimilis", seven of S. dysgalactiae, four of S. canis, three of S. equi subsp. equi (S. equi) and seven of S. equi subsp. zooepidemicus (S. zooepidemicus) (table I). Forty-one were reference strains and 60 were clinical isolates of human or animal origin, epidemiologically unrelated and originating from three French hospitals. For esterase analysis, 3 1 additional isolates of S. pyogenes were studied. The strains were identified on the basis of serological grouping (Streptococcal Grouping Kit, Oxoid) and biochemical tests (API 20 STREP, bioMkrieux).
Preparation of bacterial extracts
Bacteria were grown for 18 h at 37°C with constant agitation in a buffered broth containing tryptone 0-5 YO, yeast extract 0.25 YO, 20 mM DL-threonine, 0.6 mM MgSO,, 0.03 mM MnSO,, 0.08 mM NaCl, 25 mM NH4HC03, 1-0 M L-cysteine hydrochloride and glucose 0.4 YO in 40 mM potassium phosphate buffer. 16 The bacterial growth was collected by centrifugation and washed with 60 mM Tris-glycine buffer, pH 8-7, resuspended in the same buffer and the cells were disrupted by intermittent sonication for 4 min at 4°C. The crude extracts were stored at -20°C until used. 
Electrophoresis
Horizontal slab gel electrophoresis was performed by the method of Urie126 in a composite polyacrylamide-agarose gel with a discontinuous Trisglycine buffer, pH 8.7, at constant voltage (7 V/cm) until the bromophenol blue marker had run 13 cm. The gel contained polyacrylamide 5 % for analysis of nucleoside phosphorylase (NSP) and phosphoglucose isomerase (PGI) and polyacrylamide 7 YO for analysis of lactate dehydrogenase (LDH), hydroxy-butyrate dehydrogenase (HBD) and adenylate kinase (ADK). The relative mobility (M, value) is the distance moved by the enzyme band as a percentage of the distance moved by the dye front. M, values were compared by running the bacterial extracts side by side in the same gel.
Specific staining procedures
The six enzymes studied, LDH, NSP, PGI, HBD, ADK and esterases, were revealed on the gel by specific staining. LDH activity was detected by the method of Siciliano and S h a~.~~ The staining methods for NSP, PGI, ADK and HBD were as described by Selander et al. 23 For NSP, PGI and ADK, the stain solution was applied to the gel in an agar overlay. Esterases were stained according to Urie128 with the following specific substrates : a-and P-naphthyl acetates, a-and P-naphthyl propionates, a-and Pnaphthyl butyrates and indoxyl acetate.
Genetic diversity
Genetic diversity at a locus among isolates was calculated as h = 1 -&xi2 [n/(n-l)], where xi is the frequency of the ith allele and n is the number of isolates.23 Mean genetic diversity per locus (H) is the arithmetic average of h values for all loci.
Statistical analysis
The data were summarised in a two-way table of 101 rows, one for each strain, and 28 columns corresponding to the number of M, variants detected in all strains for five enzymes tested (LDH, NSP, PGI, HBD and ADK), in addition to a column for absence of detection of each enzyme. For each column, each strain was coded as a binary code: present = 1 or absent = 0. This table was used for a factorial analysis of correspondence (FAC)29 and a dissimilarity matrix was constructed for hierarchical clustering.
Results
Detection of enzyme bands
LDH gave a single, well-stained band with 73 strains. The remaining 28 strains, including all the S. zooepidemicus strains and two of the three S. equi strains, showed no detectable LDH band, although the LDH activity of these bacterial extracts measured biochemically was not significantly different from that of the other strains and are thus regarded as allozymes that are undetectable by electrophoresis. A single HBD band was detected in most strains, with the exception of S. equi and S. zooepidemicus which had two bands. Thirty-one strains, including all S. canis and " S . equisimilis" strains, had no HBD activity. Bands from S. pyogenes were well stained, but those from S. equi and S. zooepidemicus were less focused.
The activity with group G streptococci was very weak and detection required overnight staining. NSP, PGI and ADK each gave a single well-stained band, with the exception of one strain of " S . equisimilis" for which no PGI was detected. Esterases were detected in all strains, and the number of bands varied from one to four. Most of the strains had a main band that stained intensely, with one or several faint bands. Since they all hydrolysed each of the seven synthetic substrates, the strains could not be characterised in terms of esterase type by their spectrum of activity towards these substrate^.^^^^^
Genetic heterogeneity and zymotypes
LDH, NSP, PGI, HBD and ADK were polymorphic. The genetic diversity of these enzymes ranged from 0.268 for PGI to 0.755 for HBD (table 11) , with a mean genetic diversity of 0.537. HBD gave a total of eight zymotypes and ADK produced 10, but the other enzymes were less variable. Differences in number and mobility of esterase bands led to the identification of 49 esterase electrophoretic patterns (EEPs) in the 101 isolates ( fig. 1 ). Several EEPs were encountered more frequently, particularly EEP 1, 2 and 3 which were found in six, nine and 10 S. pyogenes strains, respectively. Reference strains and clinical isolates could not be separated by the electrophoretic pattern of their esterases. EEP20 and EEP22 were common to group G streptococci and " S . equisimilis", and EEP3 1 to S. dysgalactiae and " S . equisimilis". None of the EEPs found in S . pyogenes was found in the other species. Overall, the electrophoretic variations of the six enzymes gave a total of 72 distinct zymotypes in the 101 strains (table 111) .
Species iden t $cat ion
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among " S. equisimilis" strains. Thirty-one zymotypes were found for S. pyogenes, 14 for group G streptococci and 1 1 for " S. equisimilis" (table IV) when the analysis of esterases and other enzymes was combined. Strain typing LDH, NSP, PGI, HBD and ADK analysis led to the identification of 18 zymotypes for S. pyogenes, three for group G streptococci and six for " S . equisimilis". Fifteen EEPs were delineated among the 44 S. pyogenes strains. Eight other EEPs were found among the 31 additional isolates for which esterases alone were studied, providing a total of 23 EEPs in the 75 S.
Discussion
Analysis of enzyme electrophoretic polymorphism has been shown to be of taxonomic value in dealing with gram-negative bacilli and oral streptococci, for which there is a good correlation with DNA analySimilarly, the results of the present study on pyogenic streptococci are consistent with those obtained by DNA hybridisation. Thus, enzyme electrophoretic polymorphism showed that S. dysgalactiae, " S. equisimilis" and group G streptococci were closely related, and also S. equi and S. zooepidemicus, whereas strains of S. pyogenes were clearly distinguished from the other strains. The results shown as a FAC ( fig. 2 ) illustrate the differentiation of these groups and indicate the main electrophoretic variants of each group. Four major branches are identified ( fig.  3) , each of which includes all the strains belonging to the same DNA homology group; the genetic relationships between those groups are similar to those indicated by the dendrogram based on DNA-DNA hybridisation.6 Statistical analysis was performed with electrophoretic polymorphism data for five of the six enzymes studied (LDH, NSP, PGI, HBD and ADK). Esterases were not included in this because of their high degree of intraspecies polymorphism and the absence of biochemical differentiation among these enzymes. This limited their taxonomic value for p y ogenic streptococci .
The present work establishes the efficacy of enzyme electrophoretic polymorphism analysis for typing pyogenic streptococci. The high degree of polymorphism of esterases allowed the identification of 15 zymotypes among 44 strains of S. pyogenes, 13 in 25 group strains of G streptococci and 10 in 11 strains of "S. equisimilis ". The other enzymes were less polymorphic and the smaller variation in their mobility within each species limits their usefulness as epidemiological markers. However, the combination of esterase analysis with that of the other enzymes increased the number of zymotypes detected among 44 strains of S. pyogenes from 15 to 31 (table IV) . The results were less impressive for group G streptococci, for which esterase sis. 16, 1 8 , 1 9 , 2 3 , 2 4 2. Jones D. Composition and differentiation of the genus Streptococcus. In: Skinner FA, Quesnel LB (eds) Streptococci.
57: 571-595.
typing efficiency was little improved when combined with analysis of other enzymes. However, all strains of " S. equisimilis" and S. zooepidemicus were differentiated by this technique. Enzyme electrophoretic polymorphism analysis has been used by Musser et al. to estimate genetic diversity among S. pyogenes strains responsible for toxic-shocklike s y n d r~m e .~ They studied 108 isolates and 12 enzymes, including the six enzymes used in the current work and found approximately the same number of zymotypes. This result can be explained by the presence of two related clones that accounted for nearly half of the strains. The number of patterns differentiated by random amplified polymorphic DNA analysis15 among 160 unrelated isolates of S. pyogenes was identical to the number of zymotypes found in this study. However, only one primer was selected, and the discriminatory power of this method could be improved by the use of a combination of primers,
The present study shows that enzyme electrophoresis is a valuable method for the differentiation of species of pyogenic streptococci and the estimation of the genetic relationships between them. It supports the taxonomic results obtained by DNA hybridisation and confirms the poor species specificity of the Lancefield serological classification. However, enzyme electrophoresis, which surveys the products of individual gene loci, provides additional information on the genetic diversity within species, whereas DNA hybridisation is usually performed with only a small number of reference strains. Thus the analysis of the polymorphism of six enzymes, esterases in particular, is an effective technique for typing strains of pyogenic streptococci.
